We have recently demonstrated that ovariectomy in the rat causes over-glycosylation of collagen which is restricted to trabecular bone. In order to obtain further evidence, we studied whether estrogen or tamoxifen treatment prevented over-glycosylation of trabecular bone collagen. Forty one-hundred-day-old female rats were subjected to ovariectomy (n = 30) or sham-operation (n = 10). Starting the day of the operation, sham-operated rats were treated with vehicle, while ovariectomized rats were divided into three groups and treated with vehicle (n = 10), estrogen (n = 10) or tamoxifen (n = 10). Five rats from each group were sacrificed at 115 and 145 days of age. Femurs and tibiae were separated into cortical and trabecular bone, demineralized, hydrolyzed and analyzed by HPLC for hydroxylysine glycosides and hydroxyproline content. Hydroxylysine glycoside content was expressed as a molar ratio with hydroxyproline. The results can be summarized as follows: 1) cortical bone collagen glycosylation did not vary among the different groups;
Introduction
Collagen is the main structural protein of the extracellular matrix, which plays a crucial role in maintaining the skeleton's biological function. The intracellular posttranslational modifications involved in biosynthesis of type I collagen include hydroxylation of prolyl and lysyl residues to hydroxyproline and hydroxylysine, and glycosylation of some of the hydroxylysine residues with galactose or glucosylgalactose.
In a recent work (1), we have shown that ovariectomy causes an increase in bone collagen glycosylation, suggesting that estrogens may influence bone matrix. Interestingly, the increase in collagen glycosylation was seen only in trabecular bone. These findings would seem to be relevant because an increase in glycosylated hydroxylysine causes a steric hindrance that decreases fibril diameter, such as is observed in osteogenesis imperfecta, a heritable disease characterized by bone brittleness (2) . Thus a change in collagen could lead to a change in bone, and in turn, the traditionally accepted definition of osteoporosis as "too little bone" might seem inadequate because osteoporosis may not be just a ! ) Funding organizations: Italian Ministry of University and of Scientific and Technological Research (MURST) and Research National Council (CNR).
matter of too little bone, but also that the bone has different chemical-physical properties which may influence mechanical properties.
Although ovariectomy mainly leads to an estrogen depletion, it also induces a decrease in progesterone and testosterone serum concentration, both of which are known to act on bone metabolism (3, 4) . In order to provide direct evidence on the relationship between collagen glycosylation of trabecular bone and estrogens, the ovariectomized animals were treated with either 17ß-estradiol or with the partial agonist of the estrogen receptor, tamoxifen (5, 6) . This paper, which is a continuation of the previous one (1), reports the results obtained in this investigation.
Materials and Methods

Animals and treatment
All groups of animals were kept in identical conditions and were allowed free access to food and water. The surgical procedures were carried out in accordance with institutionally approved small animals protocols.
Forty female Sprague-Dawley rats, one hundred days old, were subjected to either ovariectomy (n = 30) or sham operation (n = 10). Bilateral ovariectomies were carried out under anaesthetic (xylazine hydrochloride, 0.15 ml/kg of body weight, plus ketamine hydrochloride, 1 ml/kg of body weight) using a dorsal approach. After surgery ovariectomized animals were divided at random into 3 groups of 10 animals: the first group was treated with vehicle only, the second with estrogen and the third with tamoxifen. The sham-operated animals were treated with vehicle only. The vehicle consisted of a 70% ethanol solution diluted 1 : 20 with sesame oil. Treatment was carried out by subcutaneous injection once a week starting the day of the operation. All treatments were freshly prepared immediately before injection. 17 -Estradiol (Sigma, Italy) was first dissolved in 70% ethanol (6.0 g/1) and then diluted 1 : 20 with sesame oil in order to obtain a final concentration of 0.3 g/1. Tamoxifen (tamoxifen citrate, Sigma, Italy) was dissolved in 70% ethanol in a concentration of 20 g/1. The dose of estrogen was 300 μg/kg of body weight, while that of tamoxifen was 20 mg/kg of body weight. Injection volume was 1 ml/kg of body weight.
Tissue preparation
Five rats from each group were sacrificed under anaesthesia at 115 and 145 days of age and tibiae and femurs were removed and carefully dissected free of adhering soft tissue. After washing with water, bones were dissected into three anatomically distinct areas: the diaphysis containing only cortical bone and the proximal and distal metaphysis, from which trabecular bone was scraped and pooled. The periosteum was stripped from the diaphysis and cortical bone was fragmented.
Bone treatment prior to analyses
Samples were defatted by sequential treatment in methanol for 16 h followed by chloroform/methanol (2 : 1 by vol.) for 48 h and methanol for a further 16 h and decalcified at 4 °C as previously described (7). Subsequently, bones were extracted with 4 mol/1 guanidine hydrochloride, to remove soluble matrix macromolecules from the largely insoluble collagenous matrix. The material thus obtained was freeze-dried and then hydrolyzed in 2.5 mol/1 NaOH (bone dry weight, 15 g/1) for 22 h and hydroxyproline and hydroxylysine glycosides were measured.
Hydroxyproline measurements
Hydroxyproline measurements were performed by HPLC following the method of Teerlink et al. (8) . Hydroxyproline concentration was determined from the ratio between its peak height and the peak height of the internal standard 3,4-dehydro-L-proline (Fluka BioChemika, Switzerland). Hydroxyproline content is expressed as mmol of hydroxyproline per g of bone dry weight.
Hydroxylysine glycoside measurements
Hydroxylysine glycosides were measured as previously reported (9) . Briefly: aliquots of hydrolyzed tissue were derivatized using dansyl chloride following the method of Gray (10) , and 20 μΐ were injected into a reversed-phase Ultrasphere-ODS (C 18 of 5 μιη particles) HPLC column, of 250 X 4.6 mm i. d. The HPLC Beckman Gold Model was connected with a fluorimeter (Shimadzu RF551), using an excitation wavelength of 366 nm and an emission wavelength of 490 nm. The area of the peaks was calculated by an IBM personal computer. Values of hydroxylysine glycosides were calculated using Ζ,-lysine as an external standard as previously described (11) . Hydroxylysine glycoside content is expressed as mmol/mol of hydroxyproline.
Statistical analysis
Statistical differences between groups were evaluated both by one factor and two factor analysis of variance (ANOVA). In the two factor ANOVA the two factors analyzed were age and treatment. The significance of the difference of the mean between groups was estimated by Scheffe test.
Results
Weight gain
The body weight of the four groups of rats was similar at the beginning of the experiment. As shown in figure 
Proline hydroxylation
The hydroxyproline content of cortical and trabecular bone collagen was not significantly different (data not shown), as previously reported (12) .
Collagen glycosylation of cortical bone
The hydroxylysine glycoside content of cortical bone collagen did not change at the two different time points in the sham-operated rats. Likewise, the hydroxylysine glycoside content of cortical bone collagen was similar in all four groups of rats at both times of the experiment (tab. 1 and fig. 2 ).
Collagen glycosylation of trabecular bone
The hydroxylysine glycoside content of trabecular bone collagen did not change at the two different time points in the sham-operated rats. On the contrary, ovariectomy caused a significant increase in hydroxylysine glycoside content of trabecular bone collagen (p < 0.05). Treatment with both estrogen and tamoxifen prevented the over-glycosylation of trabecular bone collagen caused by castration. In ovariectomized rats treated with 17ß-estradiol, the hydroxylysine glycoside content of trabecular bone was similar to that of sham-operated rats and was significantly lower than that of ovariectomized rats (P < 0.05). Likewise, in ovariectomized rats treated with tamoxifen the hydroxylysine glycoside content of trabecular bone was similar to that of sham-operated rats and was significantly lower than that of ovariectomized rats (p < 0.05). There was no significant difference in trabecular bone collagen glycosylation between ovariectomized rats treated with either 17ß-estradiol or tamoxifen (tab. 2 and fig. 3 ).
Discussion
It is known that ovariectomy in the rat causes an increase in weight gain and that this is completely prevented by estrogens and tamoxifen (5) . This is confirmed in our study where body weight gain was significantly higher in ovariectomized rats as compared to sham-operated controls. Furthermore, 17ß-estradiol treatment completely prevented an increased growth rate, while tamoxifen caused a significant weight loss. Moreover, although the uterine weight was not measured at the autopsy, the organ was clearly atrophied in all the ovariectomized rats, while as expected, in sham-operated rats the uterus was normal. Therefore, these data strongly support a successful ovariectomy and a correct dosage of estrogens and tamoxifen even if estrogen serum concentration was not measured.
The data derived from this experiment clearly show that both estrogen and tamoxifen are capable of preventing the effects of ovariectomy on the degree of collagen glycosylation of trabecular bone within 15 days from the removal of the ovaries. At 45 days from surgery the fl 115 days 145 days same effect is still observed for both drugs ( fig. 3) . On the contrary, cortical bone does not seem to be influenced either by ovariectomy or by replacement therapy ( fig. 2 ). This consideration would suggest that synthesis and secretion of the collagenous matrix by cortical osteoblasts is either not influenced or influenced in a different way by these systemic factors. Whether this is due to a suppressed or a defective expression of the estrogen receptor, or because the collagen turnover rate of cortical bone is lower than that of trabecular bone collagen, cannot be established at the moment. However, it should be considered that the microenvironment is different in the two bone compartments and that this plays an important role in the recruitment and differentiation of osteoblast precursor cells as well as in the activation of mature cells (13) .
An important point raised by this finding is that ovariectomy induces a modification of the trabecular bone matrix which is prevented by replacement treatment. To this point, as also suggested by the literature (14) (15) (16) (17) , it is worth noting that a changed matrix is certainly relevant to the biological features of bone. Although the main difference between trabecular and cortical bone is the much greater surface area of the former, which explains the differences in bone turnover rates between cortical and trabecular bone, the hypothesis that a modified and possibly defective matrix could somehow be recognized and further removed by osteoclasts cannot be excluded. Thus there might be a mechanism of osteoclast activation and matrix recognition, perhaps mediated by a different spatial arrangement of collagen fibers. Such a mechanism, together with the estrogen mechanism of inhibition of osteoclasts mediated by cytokine (18) , could explain the rapid marked bone loss observed in trabecular bone following estrogen depletion. Direct evidence of this hypothetical mechanism is not available at the moment. An indirect observation on the relationship among estrogens, bone collagen glycosylation and mechanical properties of bone, could come from osteogenesis imperfecta. One of the biochemical defects of this disease is over-glycosylation of the collagen molecule which leads to a decrease in fibril diameter (19) . Interestingly, in a mild form of osteogenesis imperfecta, the rate of bone fractures correlates negatively with estrogen status; i. e. it decreases at puberty and increases during pregnancy and after menopause (19) .
Moreover these results, backed up by those recently obtained in the rat (12) , which showed that type I collagen of cortical and trabecular bone differs in the extent of glycosylation and cross-link formation (collagen of trabecular bone appears to be more glycosylated than collagen of cortical bone which, on the contrary, appears to be more cross-linked), may suggest a new interpretation in using bone markers. Were these data to be confirmed in humans, it might be possible to distinguish bone resorption in trabecular and cortical compartments.
Conclusion
We have shown once again that trabecular bone collagen glycosylation increases in rats following ovariectomy. Treatment of the ovariectomized animals during the experiment (45 days, i.e. from 100 to 145 days of age), either with 17ß-estradiol or tamoxifen, prevented trabecular collagen over-glycosylation, indicating that estrogens affect this collagen post-translational modification.
